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Estimation of Effective Ion Temperatures in a
Quadrupole Ion Trap
Scott Gronert
Department of Chemistry and Biochemistry, San Francisco State University, San Francisco, CA USA
A modified Finnigan LCQ quadrupole ion trap has been used to determine the equilibrium
constant of the complexation reaction of thiophenolate with 2,2,2-trifluoroethanol. The process
is particularly useful as a thermometer reaction because it has an exceptionally large
temperature dependence. Using literature values for the thermochemistry, an effective ion
temperature of 310 6 20 K is indicated for the ion trap. This value is much lower than some
earlier estimates for ion traps, but is consistent with a recent theoretical analysis and some
previous interpretations of experimental data. The results suggest that quadrupole ion traps
are suitable for studying gas phase reactions under nearly thermal conditions. (J Am Soc
Mass Spectrom 1998, 9, 845–848) © 1998 American Society for Mass Spectrometry
In recent years, quadrupole (Paul) ion traps [1] havegained wide acceptance as versatile tools for themanipulation and mass analysis of ions [2, 3]. Their
popularity has been driven, in part, by their ease-of-use,
ruggedness, and low cost. However, there has been
concern over the effective temperature of ions in quad-
rupole traps because the trapping fields drive the ions
through a relatively high background pressure of he-
lium. The helium (or other inert gas) is required to
dampen the motion of the ions and increase the mass
resolution of the instrument [4, 5]. The question is how
much energy is deposited in the ions by the motion
induced by the trapping fields. Of course this has
significant implications for those who are using quad-
rupole ion traps for fundamental studies of ion–mol-
ecule reactions or ion thermochemistry.
Aside from direct measurements of monoatomic ion
kinetic energies [6–8], most of the previous attempts to
estimate effective temperatures in helium-damped
quadrupole ion traps have focused on the kinetics of
reactions whose temperature dependence has been es-
tablished by other means [9–12]. Both bimolecular and
unimolecular processes have been used for this purpose
in the past. An important complication of bimolecular
systems is that although the ion may be at an elevated
temperature, the neutral reagent is at the temperature of
the background gas. As a result, the resulting collision
complex is formed with an effective temperature some-
where between the temperature of the ion and the
neutral (assuming complete energy randomization, see
below). Two groups have used bimolecular processes
for assigning temperatures. Nourse and Kentta¨maa [12]
used the reaction of CH4 with O2
1 as a thermometer
reaction and estimated an effective temperature of
about 600 K. Later, Viggiano [13] pointed out that this
system was not appropriate because energy was not
randomized within the collision complex and therefore
temperatures could not be meaningfully assigned. Basic
et al. [10] have also used the O2
1/CH4 reaction as well as
the reaction of Ar1 with N2 to assign ion kinetic
energies (KE). For both systems, KEs of about 0.10 to
0.30 eV were determined. These correspond to very
high effective temperatures (. 1500 K for the Ar1
reaction). On the other hand, several studies have
indicated that the effective temperatures are much
closer to the temperature of the bath gas. For example,
Brodbelt-Lustig and Cooks [11] have derived an effec-
tive ion temperature of 335 K in the collision-induced
dissociation (CID) of proton-bound pyridine dimers in
a quadrupole trap. Because this temperature corre-
sponds to the internal energy during the dissociation
process (i.e., after collisional activation), the experiment
suggests that the ions are at 335 K or lower before CID.
Hart and McLuckey [9] have examined the dissociation
processes of several radical cations of known dissocia-
tion thresholds. Tetraethylsilane radical cation dissoci-
ates (threshold 5 0.5 eV) in the trap on the time scale of
the experiment whereas the nitromethane radical cation
(threshold 5 0.71 eV) requires the application of a
resonant excitation voltage (52.5 mV) to observe disso-
ciation. Using an Arrhenius approach with reasonable
A factors (;1010 for the unimolecular dissociation pro-
cess), the resulting rate constants are consistent with
this pattern if a temperature near 300 K is assumed.
Using 600 K, this approach predicts that neither the
tetraethylsilane nor the nitromethane cation would be
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observable on the time scale of the experiment
(halflife , 1 ms). Most importantly, Goeringer and
McLuckey [14] have presented a convincing theoretical
argument that in a helium-damped trap, the drift ve-
locities caused by the trapping field are small compared
to the velocities of the random thermal motions, so the
ion energies stay near the bath temperature.
Despite the strong circumstantial evidence for temper-
atures near 300 K in quadrupole traps, it would be very
useful to have a direct and accurate confirmation of this
working premise. One tactic for obtaining an accurate
estimate of effective ion temperatures in quadrupole traps
is to determine the equilibrium constant of a reaction
whose thermochemistry (i.e., DH and DS) is known. To be
a sensitive probe, the reaction should have a high temper-
ature dependence so that small errors in the equilibrium
constant do not lead to large errors in the estimated
temperature. Given this criteria, an adduct forming reac-
tion becomes an attractive target because the inherently
large, negative DS values associated with these processes
allow for large DH values in a workable equilibrium
constant range. Sieck and Meot-Ner [15] have reported the
thermochemistry of a number of reactions that lead to
hydrogen-bonded adducts and one can choose a system
whose equilibrium constant is in a viable range at a given
temperature. With our ion trap, equilibrium constants in
the range of about 108 to 1011 atm21 can be accurately
measured for adduct forming processes. With this limita-
tion, the reaction of thiophenolate with 2,2,2-trifluoroetha-
nol becomes a logical choice. In fact, it is almost uniquely
suited for this purpose because along with having well-
known thermochemistry and an accessible equilibrium
constant at 300 K, it is amenable to electrospray ionization
and does not have significant, undesirable side reactions
such as clustering.
With a DH° value of 221.0 6 0.2 kcal/mol and a DS° value
of 225.1 6 0.4 eu [15], an equilibrium constant of 7.6 3 109
atm21 is expected at 300 K, 1.1 3 106 atm21 at 400 K, and
5.4 3 103 atm21 at 500 K. In just the region between 275
and 325 K, the equilibrium constant varies by over two
orders of magnitude. As a result, the system is a very
sensitive tool for estimating effective temperatures.
Experimental
Experiments were completed in a modified Finnigan
LCQ electrospray/quadrupole ion trap mass spectrom-
eter. The thiophenolate ions were generated from an
acetonitrile solution containing thiophenol (;1024 M)
and tetrabutylammonium hydroxide (;1024 M). Typi-
cal electrospray ionization (ESI) conditions involved ESI
needle voltages of ;4 kV, flow rates of ;2 mL/min, and
ionization periods of ;200 ms. The ion trap was at
ambient temperature (;300 K).
The neutral reagent (trifluoroethanol) was intro-
duced into the trap as a part of the helium background
gas flow. A constant flow of the reagent (20–300 mL/h)
was established using a syringe pump with the sy-
ringe’s needle being directed into a measured flow of
helium (100–1500 mL/min). Rapid vaporization at the
needle under these conditions allows for molar mixing
ratios of ;103–105 (He/reagent). The majority of the gas
exits through a flowmeter, whereas a small amount (;1
mL/min) is drawn into the trap. The LCQ uses a
constriction capillary to control the helium flow and is
designed to maintain 1.75 mtorr in the trap when 3
lb/in.2 of He pressure is applied to the capillary. In the
stock system, the 3 lb/in.2 is maintained by an internal
regulator that steps down the 40 lb/in.2 of He that is
delivered at the external port. To avoid the dead vol-
ume in the internal regulator, we bypass it and deliver
the He mixture (3 lb/in.2) directly to the capillary. This
greatly decreases the lag time after changes in reagent
concentration. The reagent pressure is calculated by
dividing the trap’s helium pressure (;1.75 mtorr) by
the mixing ratio and accounting for differential diffusion.
The system allows for the preparation of mixing ratios
with an accuracy of better than 65%; however, estimating
the absolute helium pressure in the trap leads to uncer-
tainties of 620% in the overall reagent pressure.
In a typical experiment, ions of m/z 109 (thiophe-
nolate) were isolated in the trap using the LCQ software
(LCQ 1.1 with advanced scan capabilities). A flow of the
neutral reagent was set and the system was allowed
several minutes to reach a steady reagent background
pressure. To analyze the equilibrium constant, the LCQ
software was set to do a tandem mass spectrometry
(MS/MS) scan (isolation of m/z 5 109 followed by a
reaction period and finally a scan function to give a
mass spectrum) with the activation voltage set to 0 V.
Spectra were recorded as a function of reaction period
(100–5000 ms), and the time required to reach equilib-
rium (steady ion concentrations) was determined. It
should be noted that some ion loss was observed at long
trapping times, but this did not affect the equilibrium
constant measurement. Using this reaction time deter-
mined above, spectra then were acquired over several
minutes to allow for extensive signal averaging. Mea-
surements were made at three values of qz (0.25, 0.5,
and 0.8) for the m/z 109 ion during the reaction period.
The equilibrium measurement was then repeated with a
different neutral flow rate. Overall, measurements were
made at four different substrate pressures (between
1026 and 1027 torr) and the equilibrium constants are
the result of at least two different measurements. Using
a sensitivity curve generated in our lab, the data were
corrected for mass discrimination.
All reagents were obtained from commercial sources
and were used without further purification.
(1)
846 GRONERT J Am Soc Mass Spectrom 1998, 9, 845–848
Results
In Table 1, ln K values are listed for reaction 1 as a
function of qz. There is a clear correlation between the
observed ln K values and the qz applied during the
evolution of the equilibrium. As the qz value increases,
the value of ln K smoothly decreases; however, the
dependence is not particularly strong and amounts to
only one ln K unit across the accessible qz range. The
correlation indicates that higher qz values reduce the
relative stability of the complex. This is rational because
increases in qz correspond to increases in the applied
trapping voltages and consequently increases in the
kinetic energies (effective temperatures) of the ions—
the equilibrium naturally shifts away from the complex
at higher temperatures. However, because the variation
is small, care must be taken in the interpretation and it
is possible that it is partly an artifact of the ion trapping
or detection (e.g., a small qz dependence in mass de-
scrimination).
Effective temperatures were derived by finding the
temperature that provided the best correlation between
the observed equilibrium constants and those derived
from the thermochemistry reported by Sieck and Meot-
Ner [15]. These effective temperatures are also listed in
Table 1. For the temperatures, the relative uncertainties
reflect the precision of the measurements and the accu-
racy of the mixing ratios, whereas the absolute uncer-
tainties also include the uncertainty in the thermochem-
istry and in the He pressure. There are two striking
features in the results. First, the effective temperatures
are very close to the expected bath gas temperature
(;300 K). Second, the effect of qz is very modest and
amounts to a variation of less than 10 K in this system.
In fact, the effect of qz is hardly greater than the
experimental uncertainty. It should be pointed out that
the data are completely inconsistent with the high
temperature values that have been suggested in some
previous studies. For example, using an effective tem-
perature of 600 K would give a K value that is 8 orders
of magnitude smaller than the value that was observed
(i.e., it would be impossible to observe the complex at
all!). Even 400 K would require almost a 10000 fold
error in the measurements. As a result, there is little
doubt that the effective temperatures in this system are
very near 300 K. This is clearly seen in Figure 1. Here,
Sieck and Meot-Ner’s thermochemistry has been used
to generate the two solid curves (representing their
uncertainty range). The dashed lines give the full range
of ln K values obtained in the present work. The overlap
region (shaded) illustrates the narrow range of temper-
atures (centered at 310 K) that are consistent with the
data.
Discussion
The equilibrium measurements from this study clearly
indicate that ion temperatures near ambient are appro-
priate for this system in the LCQ ion trap. Even at the
highest qz, the effective temperature is close to the
expected bath temperature. This result is consistent
with the experimental and theoretical work of
McLuckey, Cooks, and co-workers [9, 11, 14]. It is also
in accord with temperatures derived from studies of
proton transfer equilibria (e.g., 2-methoxypropene ver-
sus 3-fluoropyridine) in this laboratory [16]; however,
in these cases, the uncertainties in the thermochemistry
lead to large uncertainties in the estimated temperatures.
It is unclear why previous measurements involving
bimolecular processes indicated such high effective
temperatures [10, 12]. As noted above, Viggiano et al.
[13] have shown that energy randomization is not
complete in the reaction of CH4 with O2
1, so it is a poor
system for assigning temperatures. That should not be a
problem in the present system because a long-lived,
hydrogen-bonded reaction complex is formed that
should allow for efficient energy equilibration. For
example, Boering and Brauman [17] have shown that
energy transfer can reach nearly 80% of the statistical
limit in systems such as trifluoroacetate/propanol.
Nonetheless, if the O2
1 ions were at ambient tempera-
Figure 1. Plot of ln K vs. temperature for the reaction of
thiophenolate with 2,2,2-trifluoroethanol. The solid lines have
been generated using Sieck and Meot-Ner’s data [15]. The space
between them is their uncertainty range. The dashed lines repre-
sent the range of ln K values obtained in this work. The shaded
overlap region represents the range of temperatures that are
consistent with the data.
Table 1. Effective ion temperature as a function of qz
a
qz (thiophenolate) ln K
Effective
temperature (K)
0.25 21.7 6 0.2 308
0.50 21.4 6 0.1 311
0.80 20.9 6 0.2 315
aAbsolute uncertainties are 620 K, but relative uncertainties are 65 K.
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ture in the previous ion trap experiments, energy trans-
fer would not be an issue (they would be at the same
temperature as the reagent) and thermal rates should
have been observed. The key to the discrepancy prob-
ably lies in the fact that the rate constant for the
CH4/O2
1 reaction is not very sensitive to ion energy at
low values of KEcm. As a result, small errors in the
measured rate constant could lead to large errors in the
estimated ion energies. In fact, Basic et al.’s [10] mea-
sured rate constant (bath temperature 5 373 K) does fall
between Viggiano et al.’s flowing afterglow measure-
ments at 298 and 430 K [13].
Basic et al.’s [10] results for the Ar1/N2 reaction
system are more difficult to reconcile because the rate
constant is reasonably sensitive to the ion kinetic energy
[10]. Therefore, the measured rates clearly indicate ion
energies well above thermal (;0.13 eV). An important
difference is that Basic’s system involves a monoatomic
ion and this may affect the observed behavior. In fact,
most direct observations of atomic ions have indicated
high temperatures [6–8].
Conclusion
Using a modified Finnigan LCQ quadrupole ion trap,
the measured equilibrium constant for the complex-
ation reaction of thiophenolate with 2,2,2-trifluoroetha-
nol indicates that ions in the quadrupole trap are only
slightly above the temperature of the bath gas. In
addition, the estimated temperature is relatively insen-
sitive to the qz value used for the ion. The results
suggest that quadrupole ion traps should be suitable for
studying gas phase reactions under nearly thermal
conditions.
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